INTRODUCTION
Gastric cancer (GC) is the fourth most common cancer worldwide, with a high incidence rate in East Asia [1, 2] . Surgery is the main treatment option for early-stage patients; however, due to high aggressiveness and lack of predictive biomarkers, most patients are diagnosed at late stages, making it the second most lethal cancer, with a 5-year survival rate of 20%-40% for patients with advanced GC [2] [3] [4] . Median survival time for patients with unresectable and metastatic disease is around 10-14 mo [5, 6] . To date, only a few drugs target GC at a molecular level, with limited survival benefits. Thus, to improve the prognosis of GC, further investigation of molecular biomarkers is required.
As a key post-translational modification pathway, small ubiquitin-like modify-lation (SUMOylation) plays an essential role in a substantial number of cellular processes, such as maintenance of transcriptional factor stability, regulation of enzymatic reactions, protein localization, protein-protein interactions, and DNA damage repair [7] [8] [9] [10] [11] . It is facilitated by covalently linked, deconjugated small ubiquitin-like modifiers (SUMOs) following the sequential action of E1, E2, E3 and SUMO proteases. Recent studies have shown that the proteins involved in the SUMO system could regulate carcinogenesis-related processes, such as cell growth, differentiation, senescence, oxidative stress, and apoptosis [12] . As an essential component of SUMO-activating enzyme E1, ubiquitin-like modifier activating enzyme 2 (Uba2) is over-expressed in many malignancies, including liver cancer [13] , small cell lung cancer [14] , colorectal cancer [15] , and GC [16] . Besides, knockdown of Uba2 suppresses certain malignancies. Uba2 level is correlated with the Wnt/β-catenin pathway in colorectal cancer [15] ; however, its role in GC remains unclear. To explore the function of Uba2 and its possible mechanism of action in the progression of GC, Uba2 knock-down and over-expression studies were carried out in GC cell lines. Knock-down of Uba2 suppressed epithelial-mesenchymal transition (EMT), cell migration, and invasion, while over-expression of Uba2 showed the opposite effects. Furthermore, regulation of the Wnt/ β-catenin canonical signaling pathway was correlated with Uba2 levels. These data suggest that Uba2 modulates the Wnt/β-catenin pathway and hence might be a new molecular target for the treatment of GC.
MATERIALS AND METHODS

Patients
All specimens were derived from patients with GC in The First Hospital of Jilin University, Changchun, China from 2013 to 2018. Eight paired fresh GC tissues and corresponding normal gastric tissues were collected for Western blotting. These tissues were immediately frozen in liquid nitrogen and stored at -80 ℃ until further use. The specimens for immunohistochemistry were fixed in formalin for 24 h and embedded in paraffin until needed. The enrolled patients had not received chemotherapy or radiation before the operation. Clinicopathological characteristics, such as Lauren's classification, pTNM stage, and grade of differentiation were evaluated by two independent pathologists using the criteria of the American Joint Committee on Cancer Stage. All participating patients gave their written informed consent prior to enrollment. This study was approved by the Ethics Committee of The First Hospital of Jilin University.
Immunohistochemistry assay
All specimens were fixed with formalin, embedded in paraffin, and 3-μm serial sections were prepared. The sections were deparaffinized and activity of endogenous peroxidase was blocked by 30 mL/L hydrogen peroxide, followed by incubation of the sections with non-immune goat serum for 20 min. The sections were subsequently incubated with Uba2 primary antibody (1:100; Abcam, Cambridge, MA, United States) and the corresponding secondary antibody. Antigen-antibody complexes were then washed three times with phosphate-buffered saline (PBS) and incubated with high-sensitivity diaminobenzidine (Sigma-Aldrich, St. Louis, MO, United States) substrate. Counterstaining with hematoxylin was carried out and the sections were dehydrated and mounted.
Uba2 expression levels were observed by light microscopy and categorized into negative/low expression and high expression by two independent, blinded pathologists. Any disagreement was resolved by a third party. The defining criteria were as follows: samples with nuclear staining in < 5% of cells were graded as negative expression; samples with nuclear staining in 5%-25% cells were graded as low expression; and, samples with nuclear staining in > 25% cells were graded as high (moderate and strong) expression.
Cell culture
Three human GC cell lines, SGC-7901, BGC-823 and MGC80-3, and a normal gastric epithelial cell line, GES-1, were obtained from American Type Culture Collection (Manassas, VA, United States). BGC-823 and MGC80-3 cells were poorly differentiated gastric adenocarcinoma cell lines, and SGC-7901 was a well-differentiated gastric adenocarcinoma cell line. BGC-823 and SGC-7901 cells were intestinal-type GC cell lines. MGC80-3 cells were a diffuse-type GC cell line. Cells were routinely cultured in complete RPMI-1640 medium (Gibco, Grand Island, NY, United States) supplemented with 100 mL/L fetal bovine serum (Biological Industries, Beit Haemek, Israel) and 10 mL/L penicillin-streptomycin (Invitrogen, Carlsbad, CA, United States) at 37 ℃ in a humidified atmosphere with 50 mL/L CO2.
Lentivirus-mediated RNA interference and overexpression of Uba2
For Uba2 knock-down, a lentiviral vector encoding a short interfering (si)RNA targeted against Uba2, and a negative control lentiviral vector (Control; NC) were constructed (Genechem, Shanghai, China). For over-expression studies, the Uba2 gene was synthesized according to the human UBA2 mRNA sequence and inserted into a lentiviral vector (Genechem). Transfection was carried out as previously described [15] . BGC-823 cells were infected with siUba2 or siNC lentivirus at a multiplicity of infection of 100. SGC-7901 cells were infected with lentivirus-Uba2 (Uba2) or lentiviral empty vector (EV) at a multiplicity of infection of 10. The infected cells were harvested and used for experimentation after 72 h.
MTT assay
The influence of Uba2 on cell viability was evaluated using the MTT assay. In brief, 2000 cells of each group were seeded in 96-well plates in 100 μL complete RPMI-1640 medium, and were incubated for 5 d at 37 ℃ in 50 mL/L CO2. MTT reagent (20 μL, 5 mg/mL in PBS; Sigma-Aldrich) was added to each well and incubated for 4 h. The medium was removed from each well and formazan crystals were dissolved in 150 μL of dimethyl sulfoxide. The plate was measured at 490 nm. The experiments were carried out in triplicate.
Colony formation
A total of 800 GC cells were suspended in RPMI-1640 containing 100 mL/L fetal bovine serum, and were seeded in 6-well plates. Fresh complete RPMI-1640 medium was changed every 3 d and the cells were cultured for 2 wk. The cells were washed with PBS and fixed with 40 mL/L paraformaldehyde. GIEMSA was used to stain the cells and images were taken with a digital camera. The experiments were carried out in triplicate.
Flow cytometry for cell cycle
For cell cycle analysis, 1 × 10 6 cells from each group were harvested and fixed with cold 700 mL/L ethanol at 4 ℃ overnight. The cells were then washed twice with cold PBS and resuspended with 0.5 mL PI/RNase Staining Solution (Sungene Biotech, Tianjin, China). The cells were incubated for 30 min at room temperature, and protected from light. Cells were subsequently analyzed by flow cytometry. The experiments were carried out in triplicate.
Wound healing and Transwell assay
Cells plated in 6-well plates at 90% confluence were wounded with sterile 200-μL pipette tips. After wounding, the cells were washed twice with PBS to remove cell debris and incubated in serum-free medium. The cellfree wound area was photographed every 24 h at 50 × magnification. The motility speed of cells was determined using Image J software (National Institutes of Health, Bethesda, MD, United States) as an average closed area of the wound relative to the initial wound area at 48 h after wounding. The Transwell assay was carried out to evaluate cell migration and invasion. Cells were resuspended in serum-free medium, and seeded in the upper chamber with an 8-μm pore size filter membrane at 2 × 10 5 cells/ mL (100 μL/chamber), while conditioned medium with 200 mL/L fetal bovine serum was added to the lower chamber (Corning, Inc., Corning, NY, United States).
rabbit monoclonal antibody (1:2000; CST), anti-P21 rabbit monoclonal antibody (1:2000; CST), anti-LaminB1 mouse monoclonal antibody (1:1000; Sigma, Japan), anti-GAPDH mouse monoclonal antibody (1:3000; CST) and anti-β-actin rabbit monoclonal antibody (1:1000; Sigma). The membranes were then washed three times with TBST and incubated with the corresponding horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. The target proteins on the membrane were visualized using a chemiluminescence reagent (Proteintech, Chicago, IL, United States) and photographed by Tanon 5200 series chemiluminescence imaging analysis system (Tanon, Shanghai, China).
Statistical analysis
Statistical analyses were carried out using SPSS version 21.0 (IBM Corp., Armonk, NY, United States). Histograms and related statistical analyses were performed using GraphPad Prism (version 5.0; GraphPad Software, Inc).
The association between Uba2 expression and clinicopathological parameters of the patients with GC was analyzed using Pearson's χ 2 test. Paired sample t-test or one-way analysis of variance was used as appropriate. Differences were considered statistically significant at P < 0.05.
RESULTS
Increased Uba2 expression is associated with invasionrelated indicators in GC
To analyze the levels of Uba2 in GC tissues and paracancerous tissues, eight GC tissues and paired normal gastric tissues were examined by Western blotting ( Figure  1A ). Compared to normal gastric tissues, the level of Uba2 was higher in GC tissues. Furthermore, Uba2 protein level was evaluated by immunohistochemistry in 100 GC specimens and 22 normal gastric tissues. Uba2 protein was mainly localized in the nucleus, and a higher level of Uba2 expression was detected in GC tissues than in normal gastric tissues ( Figure 1B-D) . In all, 24 and 76 of 100 GC tissues were divided into negative/low staining and high staining respectively, based on Uba2 protein levels. Correlations between Uba2 expression and clinicopathological factors were analyzed subsequently. In the 100 tumor samples, Uba2 expression was associated with differentiation, Lauren's classification, vascular invasion, TNM stage, p-T category, and p-N category (Table 1) . No significant differences were seen in age, gender, tumor size, and perineural invasion. These results indicated that Uba2 might be associated with GC development, invasion and metastasis.
Uba2 is up-regulated in GC cell lines
To investigate the biological function of Uba2 in GC, expression of Uba2 was analyzed in three GC cell lines and a normal gastric epithelial cell line. Uba2 was expressed in all three GC cell lines, and expression in BGC-823 and MGC80-3 cells was higher than in GES-1
The cell invasion assay was similar to the cell migration assay, except that upper chambers were coated with Matrigel (Corning, Inc.). The cells were incubated for 48 h in a 37 ℃ atmosphere containing 50 mL/L CO2. Cells in the upper chamber were removed with cotton swabs, whereas migrated/invaded cells on the bottom side of the membrane were fixed in 40 mL/L paraformaldehyde, stained with GIEMSA, and counted in five randomly selected microscopic fields (100 ×) per well. All experiments were carried out in triplicate. 
Luciferase reporter assay
Western blotting
Whole cell lysates were extracted using RIPA lysis buffer supplemented with protease inhibitor cocktail (Roche, Indianapolis, IN, United States), and Phosphatase Inhibitor Cocktail (CoWin Biosciences, Beijing, China).
Nucleoproteins were extracted using a nuclear and cytoplasmic protein extraction kit (Transgene, Beijing, China) and quantified by the bicinchoninic acid assay. A total of 40 μg protein was separated by 100 mL/L SDS-PAGE and transferred electrophoretically onto polyvinylidene difluoride membranes (Millipore, Bedford, MA, United States). The membranes were blocked in 50 g/L nonfat milk diluted in Tris-buffered saline containing 1 mL/L Tween-20 (referred to as TBST) for 1 h at room temperature, before addition of appropriate primary antibody for overnight incubation at 4 ℃. 
Uba2 promotes proliferation and cell cycle regulation in GC cells
MTT and colony formation assays were performed to explore the effects of Uba2 on proliferation in GC. Compared to that in control cells, knock-down of Uba2 inhibited cell growth and decreased colony formation, while in SGC-7901 cells with Uba2 over-expression, cell growth and colony formation were increased ( Figure 3 ). Flow cytometry was used to examine the effects of Uba2 on the cell cycle. Compared to control cells, S phase cells were reduced in BGC-823 siUba2 cells, while S phase cells were significantly increased in SGC-7901 cells with Uba2 over-expression ( Figure 4A ). Knockdown of Uba2 in BGC-823 cells decreased expression of cyclin D1 and Bcl-2, but increased expression of P21 and P27. The opposite results were found in SGC-7901 cells with Uba2 over-expression ( Figure 4B ). These findings indicated that Uba2 promoted GC cell proliferation and cell cycle regulation.
Uba2 regulates invasion and migration in GC cells
To explore the role of Uba2 in GC invasion and migration, wound healing and Transwell assays were performed. The wound healing assay showed that compared to control cells, closure of wound gaps was delayed in BGC-823 siUba2 cells and the opposite effects were seen in SGC-7901 cells with over-expression of Uba2 ( Figure  5A ). The Transwell assay showed that cell migration and invasion were significantly reduced after down-regulation of Uba2, while the number of cells was increased after Uba2 over-expression ( Figure 5B ). We analyzed expression of matrix metalloproteinase (MMP)2, MMP7, and c-Myc, which are related to cancer metastasis. In support of our findings, MMP2, MMP7, and c-Myc were reduced after Uba2 knock-down, while their expression was increased with Uba2 over-expression ( Figure 5C ). These results suggest that Uba2 may promote invasion and migration of cancer cells by up-regulating the expression of MMP2, MMP7, and c-Myc.
Uba2 induces EMT in GC cells
Recent studies have suggested that EMT results in the acquisition of characteristics required for carcinoma progression, such as migration and invasion. Because Uba2 promoted migration and invasion of GC cells, we speculated that it might also be involved in EMT. EMT is often associated with a decrease or loss of epithelial markers and a gain of mesenchymal markers. Consistent with our speculation, compared to control cells, increased expression of E-cadherin and decreased expression of vimentin was found in BGC-823 cells with Uba2 knockdown, whereas over-expression of Uba2 in SGC-7901 cells had the opposite effects ( Figure 6 ). These data suggested that Uba2 might induce EMT in GC cells.
Uba2 knock-down and over-expression regulates the Wnt/β-catenin signaling pathway
Involvement of the Wnt/β-catenin signaling pathway in the Uba2-mediated modulation of EMT and cell migration and invasion was further examined by Western blotting and luciferase reporter assay. As the key molecule of the Wnt/β-catenin pathway, expression of total and nuclear β-catenin was significantly reduced, while that of phosphorylated β-catenin increased after knock-down of Uba2. The opposite effects were observed in SGC-7901 cells with over-expression of Uba2 ( Figure 7A ). Luciferase reporter assay is a commonly used method to evaluate β-catenin-dependent activity driving the expression of TCF. Our results showed that knock-down of Uba2 resulted in a 1.5-fold decrease, while over-expression of Uba2 resulted in a 1.7-fold increase in the ratio of TOP Flash to FOP Flash activity ( Figure 7B ). These data implied that Uba2 was involved in regulating the Wnt/ β-catenin signaling pathway in GC.
DISCUSSION
Despite the declining incidence and mortality rate in GC, there are still 1 million new cases and > 700000 fatal cases annually, accounting for 10% of cancer-related deaths globally [2] . The poor outcomes imply a critical need for the detection of molecular targets that may confer better survival benefits.
Uba2 is an essential component of SUMO-activating enzyme E1, which is correlated with the development and progression of several cancers, including GC [16] . However, the role of Uba2 in EMT and its underlying mechanism in GC remain unknown. In our study, expression of Uba2 in GC and normal gastric tissues was compared by Western blotting and immunohistochemistry. The results showed higher expression of Uba2 in GC than in normal gastric tissues. Uba2 expression was also higher in GC cells than in normal gastric epithelial cells. Uba2 expression was associated with differentiation. BGC-823 and MGC80-3 cells were poorly differentiated and SGC-7901 cells were well differentiated. The former two had worse differentiation than SGC-7901, which might be the reason why Uba2 expression was lower in SGC-7901 than BGC-823 and MGC80-3 cells. Uba2 expression was also associated with Lauren's classification, vascular invasion and TNM stage, which suggests that Uba2 is involved in GC development and progression. MTT and colony formation assays showed that Uba2 promoted GC cell proliferation and cell cycle regulation. Cyclin D1 could bind and activate G1-phase-specific cyclin-dependent kinase 4 (CDK4), which promotes transition of the cell cycle from G1 to S phase [17, 18] . P27 and P21 serve as cell cycle inhibitors by regulating cell cycle progression at the G1 and S phases. Moreover, P27 level negatively correlates with cell growth rate [19, 20] . The changes in expression of cell cycle-related proteins were in accordance with our results of cell cycle analysis. Bcl-2 is an important member of the Bcl-2 family of proteins that regulate apoptosis, and changes in its expression suggest involvement of apoptosis. Subsequently, wound healing and Transwell assays were performed with knock-down or over-expression of Uba2. Knock-down of Uba2 suppressed cell migration and invasion, which was consistent with a previous report [16] . On the contrary, Uba2 over-expression promoted cancer-related activities. These findings demonstrated that Uba2 was associated with GC invasion and metastasis in vitro.
Further investigation of the potential Uba2 mechanisms was carried out. The Wnt/β-catenin canonical pathway is a crucial therapeutic target in a variety of cancers [21] . The pathway is initiated by secreted glycoproteins, such as Wnt1 and Wnt3a, which bind to cell surface receptors, such as Frizzled and lowdensity lipoprotein receptor-related protein 6, leading to degradation of the complex containing adenomatous polyposis coli, axis inhibition protein, and glycogen synthase kinase 3 beta and stabilization of β-catenin. β-Catenin then translocates to the nucleus to bind to TCF or LEF, followed by transcriptional activation of the Wnt target genes involved in tumor migration, invasion and EMT [22] [23] [24] . Accumulating evidence indicates that activation of Wnt/β-catenin signaling is one of the direct causes of gastric and intestinal tumor development [25] [26] [27] . It has also been shown that aberrantly activated Wnt/β-catenin pathway is involved in the initiation and progression of GC in both humans and mice [28, 29] . These results suggest that the Wnt/β-catenin signaling pathway plays an important role in gastrointestinal carcinogenesis. Furthermore, Choi et al [30] found that transducing β-like protein 1 (TBL1) -TBL1-related protein 1 (TBLR1) can activate the key molecule β-catenin upon SUMOylation, which activates expression of Wnt/β-catenin downstream target genes. Another study showed that SUMOylation positively regulates the Wnt signaling pathway, while deSUMOylation has the opposite effect [31] . As an important SUMOylation component, it is possible that Uba2 is involved in modulating the Wnt signaling pathway. However, until now, the role of Uba2 in modulating the Wnt signaling pathway in GC was largely unknown. In the present study, Uba2 over-expression increased expression of β-catenin and induced nuclear accumulation, while opposite results were found upon Uba2 knock-down. These findings showed that Uba2 might induce nuclear translocation of β-catenin. Luciferase reporter assay also showed increased activity of the Wnt/ EMT is an essential initial step in the acquisition of migratory and invasive capabilities, by which epithelial cells lose cell-cell junctions and polarity, leading to a mesenchymal cell phenotype [32] . The process is characterized by the production of MMPs to degrade the extracellular matrix, while cell adhesion weakens and metastasis continues [14] . E-cadherin is a calciumdependent transmembrane glycoprotein expressed in most epithelial cells; the loss of which is a biomarker of 
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EMT [33] . The increased expression of MMP2 and MMP7 is involved in promoting cancer metastasis [34, 35] . Previous studies have also concluded that c-Myc expression might represent an aggressive phenotype of GC [36, 37] . Our results were in accordance with these findings. In our study, decreased expression of E-cadherin, upregulation of mesenchymal marker vimentin, and increased levels of MMP2, MMP7 and c-Myc confirmed the importance of Uba2 in tumor progression, invasion and metastasis through EMT in GC.
In summary, our study provides evidence of an association between Uba2 expression and GC migration and invasion via modulation of the Wnt/β-catenin signaling pathway and enhancement of EMT. Our results suggest that Uba2 might serve as a potential therapeutic target in GC.
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Research background
Gastric cancer (GC) is the fourth most common malignancy and the second leading cause of cancer-related death globally. Although decreasing trends have been observed in GC incidence and mortality rates due to recent advances in diagnosis and treatment, the burden remains the highest in East Asia (especially in China). However, many GC patients are already at an inoperable advanced stage at diagnosis, which results in poor outcome. Thus, new therapeutic targets that may confer survival benefit are urgently needed in GC.
Research motivation
There are insufficient reports about the function and mechanism of ubiquitin-like modifier activating enzyme 2 (Uba2) in GC migration, epithelial-mesenchymal transition, and invasion.
Research objectives
The aim of this study is to investigate the role of Uba2 in GC migration and invasion, and its underlying mechanism.
Research methods
Uba2 expression was examined at the protein level by immunohistochemistry or Western blotting in tissues and cells. Correlations of Uba2 expression and clinicopathological characteristics were also analyzed. Transwell and wound healing assays were used to examine the effects of Uba2 on GC migration and invasion. Western blotting and luciferase reporter assay were used to investigate the underlying mechanism.
Research results
The up-regulation of Uba2 expression was found in both GC tissues and cells. Knock-down of Uba2 inhibited cell proliferation, migration and invasion, and over-expression of Uba2 showed the opposite effects. Wnt/β-catenin signaling might be involved in the oncogenic function of Uba2.
Research conclusions
The study shows that Uba2 is an enhancer of cell migration and invasion in GC, and the possible mechanism is via regulating the canonical Wnt signaling 
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